In this work, we investigate the contribution of dust scattering to the diffuse Hα emission observed in nearby galaxies. As initial conditions for the spatial distribution of Hii regions, gas, and dust, we take three Milky Way-like galaxies from state-of-theart cosmological hydrodynamical simulations that implement different prescriptions for star formation, feedback, and chemical enrichment. Radiative transfer has been solved a posteriori, using the publicly-available Monte Carlo code sunrise to take into account dust absorption and scattering of the Hα photons, originating exclusively from the Hii regions. No contribution from recombinations in the diffuse ionized gas (DIG) component is explicitly or implicitly included in our model. Our main result is that the flux arising from scattered light is of the order of 1 − 2 per cent of the Hα flux coming directly from the Hii regions. Building upon previous studies, we conclude that the DIG contributes lass than 50 per cent of the total Hα emission.
INTRODUCTION
The presence of a warm, low-density, ionized component of the interstellar medium (ISM) has long been detected in the Milky Way through its free-free absorption of background sources (Hoyle & Ellis 1963) , pulsar dispersion measures (Hewish et al. 1968) , and optical emission lines (Reynolds et al. 1973) . Comparison of these measurements along common lines of sight indicate that such diffuse ionized gas (DIG) accounts for a large fraction of the ionized hydrogen in the Galaxy, filling about 30 per cent of the volume within a ∼ 2 kpc layer around the Galactic mid-plane.
Observations of the Hα recombination line have also revealed the presence of a similar ionized component in most, if not all, nearby galaxies. There is general agreement that the DIG occupies of the order of 80% of the projected area of the disk, and that it has a larger scale height than the distribution of classical Hii regions. Both components contribute roughly equally to the total Hα emission, with lower limits to the DIG contribution varying from 25 to 50 per cent and upper limits around 50−70%. The separation is not straightforward, though, and the results depend somewhat on the adopted definition (e.g. Deharveng et al. 1988; Hoopes et al. 1996; Shopbell & Bland-Hawthorn 1998; Zurita et al. 2000; Thilker et al. 2002; Oey et al. 2007 ). Spatial resolution, as ⋆ E-mail: yago.ascasibar@uam.es well as the presence of low surface brightness structures and/or filamentary Hii regions (Dopita et al. 2006) , may also play an important role.
The detailed properties of the DIG, as well as its physical origin, are still debated (see e.g. Haffner et al. 2009 , and references therein). It is generally believed, based on photon counting arguments, that the diffuse gas is also ionized by massive stars (Reynolds 1984) , but the energy balance and ionization structure are poorly understood. By studying the relative intensity of forbidden lines to Hα, it has been found that, both in the Milky Way as well as in other galaxies, the temperature and ionization conditions of the DIG are different from those typical of Hii regions. Temperatures are higher in the DIG, and some elements, like Sulphur, display a higher ionized fraction, while others, like Helium, are underionized. The temperature increases gradually with height above the mid-plane, and there are systematic variations of the line ratios suggesting that the spectrum of the ionizing radiation responsible for the DIG component is modified as it propagates through the ISM. There is significant spatial correlation between Hii regions and diffuse emission (e.g. Ferguson et al. 1996; Hoopes et al. 1996) , and the line ratios change relatively smoothly from values similar to those observed in Hii regions towards much higher intensities of the forbidden lines with increasing distance to the mid-plane (e.g. Reynolds 1988; Dettmar & Schultz 1992; Golla et al. 1996; Rand 1998; Haffner et al. 1999; Otte et al. 2002) .
Although most of the diffuse emission would indeed trace the presence of the DIG component, some fraction arises from light emitted somewhere else (e.g. bright Hii regions close to the mid-plane) and is scattered towards the observer by interstellar dust particles regardless of the actual ionization state of the gas. The fraction of scattered light can be relatively high in the direction of dense clouds at high latitudes, and it may contribute, overall, of the order of 10 − 40 per cent of the total diffuse emission (see e.g. Reynolds et al. 1973; Jura 1979; Wood & Reynolds 1999; Mattila et al. 2007; Witt et al. 2010; Brandt & Draine 2012; Ienaka et al. 2013; Planck Collaboration et al. 2015) . Moreover, radiative transfer simulations suggest that the observed gradients in line ratios can be understood in terms of dilution of the intrinsic DIG ratios by the scattering of light originating in Hii regions (e.g. Ferrara et al. 1996; Wood & Reynolds 1999; Seon & Witt 2012) , although recent work by Barnes et al. (2015) shows that the fraction of Hα emission arising from scattered light drops below 5 − 10 per cent beyond 300 pc from the mid-plane, and that it accounts for less than 10−20 per cent of the total Hα luminosity of the DIG, depending on the assumed density structure.
Here we consider the contribution of dust scattering to the diffuse line emission observed in nearby galaxies in terms of the luminosity of classical Hii regions. More precisely, we estimate the fraction the Hα flux that is scattered in the direction of the observer. Our results are based on radiative transfer calculations that use cosmological numerical simulations to provide realistic conditions for the distribution of gas, dust, and Hii regions. The production of simulated Hα images is described in Section 2, the automatic separation of Hii regions from diffuse emission as well as their relative contribution to the total Hα flux are discussed in Section 3, and our main conclusions are summarized in Section 4, where the implications for the physical origin of the DIG are briefly touched upon.
SIMULATED MAPS
We use three different hydrodynamical simulations of galaxies in a ΛCDM universe as models to generate mock Hα maps. The initial conditions for these hydrodynamical simulations are based on the dark-matter-only Aquarius simulation (Springel et al. 2008) , from which target halos are identified at redshift zero and then resimulated, including hydrodynamics and stellar physics, using the zoom-in technique (Tormen et al. 1997) . The cosmological parameters assumed are Ωm = 0.25, ΩΛ = 0.75, Ω b = 0.04, σ8 = 0.9 and H0 = 100 h km s −1 Mpc −1 with h = 0.73. All the simulations used in the present work have mass resolution of 2 − 5 × 10 5 M⊙ for stellar/gas particles and 1 − 2 × 10 6 M⊙ for dark matter particles, and similar gravitational softenings (300 − 700 pc).
Our three halos were selected as possible candidates for the formation of Milky Way-like galaxies, i.e. they have similar virial mass (M halo ∼ 1 − 1.5 × 10 12 M⊙) and formed in an isolated environment (no neighbour more massive than half of their mass within 1.4 Mpc at redshift zero, see Scannapieco et al. 2009 Portinari et al. 1998) , and includes chemical enrichment from AGB stars.
The third halo (Aquarius B) was simulated with the Aumer et al. (2013) update to the Scannapieco et al. (2005 Scannapieco et al. ( , 2006 model. The main changes in the chemical model are new yields, the inclusion of metal diffusion in the ISM, and the use of a different IMF (Kroupa) , as well as different metal enrichment from stars in the AGB phase and metaldependent cooling function. The energy feedback model in Aumer et al. is different compared to Scannapieco et al., as the energy released by SNe explosions is divided into a thermal and a kinetic part; in addition to SNe, the code includes feedback from radiation coming from massive young stars; the result of the Aumer et al. update is in general stronger feedback compared to the original model, and hence younger, more disk dominated and metal rich galaxies, although with flatter metallicity gradients (Guidi et al. 2015) .
The Spectral Energy Distribution (SED) of the simulated galaxies is calculated from the snapshots at redshift zero using the Monte Carlo radiative transfer code sunrise (Jonsson 2006; Jonsson et al. 2009 ) to propagate the light coming from stars, nebulae, and dust through the ISM.
The first step of the radiative transfer simulation is to assign each star particle a spectrum according to its age, metallicity and mass. A nebular spectrum generated with the photo-ionization code mappings III (Groves et al. 2004 (Groves et al. , 2008 ) is given to young star particles (age < 10 Myr), including (sub-grid) the effect of dust absorption and emission within the nebula. Most of the mappings III parameters are constrained by the hydrodynamical simulation, except the time-averaged fraction of stellar cluster solid angle covered by the Photo-Dissociation Region, that we fix to fPDR = 0.2 (Jonsson et al. 2009 ). Star particles older than 10 Myr are assigned spectra generated with STARBURST99 stellar population synthesis model (Leitherer et al. 1999) , assuming a Kroupa (2002) IMF and Padova 1994 stellar tracks.
After the spectrum of each stellar particle is calculated, the light is propagated through the ISM using a Monte Carlo approach (Jonsson 2006) , assuming a constant dust-to-metals ratio of 0.4 (Dwek 1998) . Dust extinction in sunrise is implemented by a Milky Way-like extinction curve normalized to RV = 3.1 (Cardelli et al. 1989; Draine 2003) . To calculate the amount of light scattered by dust grains, sunrise assumes the Henyey & Greenstein (1941) phase function
where −1 < g < 1 parameterizes the asymmetry of the phase function (see Jonsson 2006 for details). After the radiative transfer in the dusty ISM, cameras with different field of view collect the light coming from the galaxy, giving the SED in each pixel of the camera (spaxel). In this calculation we put two cameras for each galaxy, one observing face-on and the other edge-on with respect to the star's total angular momentum; in this way we consider the two most relevant cases in terms of dust optical depth. The spatial resolution of the spaxels is 1 kpc.
To extract the Hα maps from sunrise datacubes, we first run ten different random realizations of the same galaxy with sunrise, in order to reduce the Monte Carlo noise and obtain 'noiseless' datacubes, averaging the SED in each spaxel over the ten random realizations. With the ten random realizations we reach a Signal-to-Noise of ∼ 300−400 in the central spaxels and S/N∼ 5 − 10 in the outer ones. From the noiseless sunrise datacubes we extract the Hα emission in each spaxel, after subtracting the stellar continuum calculated with sunrise not including nebular emission when generating the SED.
Synthetic images of our three galaxies for the face-on and an edge-on views are shown in Figures 1 and 2 , respectively. In both cases, the left column displays a composite broadband image of each galaxy in the SDSS (u, r, z) bands.
Our three objects are fairly realistic late-type galaxies with different total masses and luminosities, bulge-to-disk ratios, and present-day star formation rates (halos A-CS+, B-MA, and C-CS+ in Guidi et al. 2015 Guidi et al. , 2016 . Star-forming regions can be clearly seen as blue spots associated to the presence of young O and B stars, superimposed over a much smoother (and redder) continuum, dominated by the older stellar population. Most of these regions are located in the galactic disks, at a certain distance from the galactic centre. The effect of dust extinction is most evident in the edge-on view of Aquarius B (middle row in Figure 2) , where a dust lane obscures the emission near the mid-plane of the disk.
The Hα emission from the young star particles that represent classical Hii regions in our simulations is plotted on the middle column of Figures 1 and 2 . Dust absorption and scattering have been turned off in these images, and therefore they merely trace the Hα emission from the mappings III models. There are only a handful of Hii regions in each galaxy, and the distribution of these maps is significantly more clumpy than real galaxies, which usually contain a large number of smaller Hii regions, as well as intrinsic diffuse emission from the DIG. The number of young stellar particles depends, of course, on the numerical resolution of the simulation, but this does not constitute a critical caveat for our present purposes, since the total Hα flux should be proportional to the integrated star formation rate of the galaxy. Our simulations do not consider any other kind of nebular emission; in particular, there is no contribution from the DIG.
Maps of the Hα emission, taking dust absorption and scattering into account, are displayed on the right column of the figures. A significant component of extended emission is clearly visible, which is entirely due to the scattering of Hα photons (arising from the Hii regions) by the dust particles in the diffuse ISM. The scattered light extends throughout the whole disk, and it reaches a considerable height over the galactic plane. The intensity, however, is more than an order of magnitude lower than the typical values within the Hii regions, and therefore the contribution to the total observed flux from the galaxy is only of the order of a few percent.
RESULTS
Let us now try to constrain more quantitatively the precise ratio between the Hα emission arising from scattered light and the flux escaping directly from the classical Hii regions. In order to do so, the first step is to separate diffuse emission (which, in our model, is entirely due to dust scattering) from the bright, compact Hii regions that dominate the galaxy luminosity in Hα. Here we have a significant advantage with respect to real galaxies, since, to some extent, we already know the solution (the contribution of the Hii regions can be clearly seen on the middle columns of Figures 1  and 2 ), but even in such a favourable case, finding an objective prescription (that can be automatically implemented as a computer algorithm) to carry out the separation is not trivial in practice.
We have adopted a very simple scheme, choosing an Figure 3 . Relation between the (normalized) intensity threshold defining diffuse emission and its fractional contribution to the total flux (top) and area (center). The bottom panel shows the difference between both fractions. We choose I thr at the maximum of this curve (i.e. most of the observed flux coming from a small fraction of the area). Solid and dashed lines correspond to the face-on and edge-on views, respectively. Results obtained by neglecting dust scattering are plotted as dotted lines. Red, green, and blue colours indicate our three different galaxies A, B, and C, respectively. Coloured circles in all panels mark the values of each curve at I thr .
intensity threshold I thr to define the boundary between both components. Pixels above the threshold will be classified as Hii regions, whereas pixels displaying lower intensities will be assigned to the diffuse component. The choice of I thr is not straightforward, and it may potentially affect the results, but the impact of the adopted value is rather limited in our simulations because there is a very high contrast between the Hα emission of the Hii regions and the diffuse scattered light. In real galaxies, diffuse Hα emission from hydrogen recombination in the DIG, as well as observational issues (such as e.g. the subtraction of the stellar continuum, or the effect of the point-spread function), would complicate the task, and a more careful analysis would probably be required. Our prescription to choose I thr is illustrated in Figure 3 . In order to remove the dependence on the overall normalization of the image, we will express our intensity threshold in terms of the root-mean-square intensity Irms ≡ I 2 over the whole field of view. For images as clumpy as our simulated Hα maps, Irms is representative of the typical values of the surface brightness measured within the Hii regions, and thus we would like to argue that it provides a natural scale upon which to base the identification of bright knots against a fainter diffuse background, not only in this context, but maybe also in the general case.
The fraction of flux arising from regions below a given intensity level is plotted on the top panel of Figure 3 . In the images without dust scattering (central columns in Figures 1  and 2 , dotted lines in Figure 3) , the cumulative fraction of flux rises as a power law of the intensity, whereas in the images where diffuse emission from dust scattering is included, one can readily observe a plateau at a level of about 1 per cent for both the face-on (solid lines) and the edge-on (dashed lines) views.
A very different behaviour is observed in the fraction of the area covered by regions below a given intensity level, shown on the middle panel of Figure 3 . For most pixels, the intensity of the images without dust scattering is zero, and therefore the dotted curves are practically horizontal lines. When radiative transfer is included, the cumulative fraction of pixels increases more steadily due to the contribution of the diffuse emission. Although the qualitative behaviour is the same in all cases, here we find significantly more variety in the shapes of the different curves (different galaxies and orientations) than in the fraction of total flux. We also expect that a different field of view, zooming into the central region, would also have a sizeable impact on the detailed form of the cumulative fraction of area at the faint end.
Our prescription identifies diffuse emission with a large portion (area) of the image that contributes a rather small fraction of the flux, considering its size (i.e. low surface brightness level). Conversely, Hii regions correspond to bright, compact knots of emission that make a significant (even dominant) contribution to the total flux while covering a very small area of the image. Therefore, we plot on the bottom panel of Figure 3 the difference between the cumulative fraction of area farea with intensity smaller than I and the corresponding fraction of flux f flux . For a completely uniform image, with all points having exactly the same intensity, both fractions would be step functions, and the difference farea − f flux would vanish for any value of the intensity. If the image was composed of two discrete levels, with intensities I0 < I1, occupying areas A0 > A1, respectively, farea −f flux would display a plateau in the interval between I0 and I1, being identically zero otherwise. The value attained in the plateau would in fact provide a quantitative measure of the clumpiness of the image, ranging from zero for a uniform image to almost unity when all the emission is concentrated in a single pixel. This is exactly the trend observed in our simulated images. Of course, the intensity is not perfectly uniform neither within the Hii regions nor in the area illuminated by dust scattering, and therefore the plateau is not strictly flat, and its edges are not vertical lines. However, as can be seen on the top panel of the figure, there is relatively little difference in the fraction of flux contributed by each component if one chooses any threshold intensity within the interval where farea − f flux is approximately constant. We have selected our value of I thr exactly at the maximum, which happens slightly below ten per cent of the root-mean-square intensity of the image for all galaxies and orientations, regardless of whether dust scattering has been included or not. The location of our Table 1 . First two columns identify the galaxy and provide the total flux F 0 of the Hα line emitted by its Hii regions. Then, for each orientation, we quote the final observed flux F obs integrated over the whole galaxy, including dust absorption and scattering, the intensity threshold I thr (in units of the root-mean-square value) adopted to separate compact Hii regions from diffuse emission, and ratio between the fluxes arising from each component (recall that, in our model, diffuse emission is entirely due to dust scattering).
adopted division between the Hii regions and the extended diffuse emission is indicated by the coloured circles in Figure 3, and precise numerical values are quoted in Table 1 . We find that, for our simulated galaxies, our automatic procedure yields I thr ∼ 0.08 Irms.
We have verified by visual inspection that this simple scheme is able to reliably identify the Hii regions in the simulated images. In particular, only a few pixels, representing about one thousandth of the total flux (see top panel of Figure 3 ), are assigned to the diffuse component in the images without dust scattering. On the other hand, practically the same regions are recovered in the images with radiative transfer, suggesting that a refined version of our algorithm could be applied to separate Hii regions and diffuse emission in observational data.
According to our results (summarized in the last column of Table 1), diffuse emission (i.e. dust scattering) contributes of the order of 1 − 2 per cent of the Hα line emission arising from compact Hii regions. The exact fraction, of course, depends on the morphology, metallicity, and orientation of the galaxy, but for the objects we considered it does not seem to vary by more than a factor of two or three.
From the numbers in Table 1 , we also conclude that, when an object is observed face-on, dust attenuation is very small, also of the order of a few per cent, and thus the total flux of the Hα line may even increase with respect to the intrinsic luminosity of the Hii regions due to the contribution of dust scattering. For the edge-on views, the light from the Hii regions is more heavily absorbed, and the net flux that reaches the observer may decrease by as much as 30 per cent. Although our statistics is certainly very limited, we do not observe any systematic trend in the ratio between the scattered light and the compact emission as a function of orientation; in galaxies A and B, the diffuse component is more prominent in the face-on view, whereas the opposite is true for our simulated images of Aquarius-C.
DISCUSSION AND CONCLUSIONS
In this work, we study the contribution of dust scattering to the Hα luminosity of a Milky Way-like galaxy in the local universe. More precisely, we solve the radiative transfer of Hα light, emitted by classical Hii regions, through the diffuse ISM of three galaxies extracted from cosmological hydrodynamical simulations.
Based on the ratios quoted on the last column in Table 1, we conclude that the flux arising from dust scattering Fsca is of the order of 1 − 2 per cent of the emission FHII from compact Hii regions. Although we have not included the DIG in our modelling, it is possible to obtain meaningful constraints on its physical origin by combining our main result Fsca FHII ∼ 0.015 ± 0.01 (2) with previous findings in the literature. In principle, one may expect that most of the ionizing flux from young O and B stars is absorbed by the surrounding gas, creating the classical Hii regions, and that only a small fraction (of the order of a few per cent) escapes from the galaxies (see e.g. Barger et al. 2013; Kim et al. 2013) . Assuming that the DIG is produced by the absorption of leaking UV radiation, the required fraction of photons fDIG could vary between 20 and 80 per cent depending on the luminosity of the Hii regions (e.g. Zurita et al. 2002) . Under this assumption,
and one trivially obtains 
If fDIG ∼ 0.5, the emission from the compact and the diffuse ionized components would be of the same order, and the contribution of dust scattering, according to our model, would be a correction of about 1 − 2 per cent with respect to the DIG emission. This is roughly consistent, but slightly lower than the results reported by Barnes et al. (2015) , where Fsca F DIG may be as high as 10 or even 20 per cent in some regions. If such values were representative of real galaxies, we would advocate leakage fractions of the order of fDIG ∼ 0.1 − 0.2, implying that the majority of the Hα emission arises from classical Hii regions.
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